The integration of ac-dc power converters to manage the connection of generation to the grid has increased exponentially over the last years. PV or wind generation plants are one of the main applications showing this trend. High power converters are increasingly installed for integrating the renewables in a larger scale. The control design for these converters becomes more challenging due to the reduced control bandwidth and increased complexity in the grid connection filter. A generalized and optimized control tuning approach for converters becomes more favored. This paper proposes an algorithm for estimating the dynamic performance of the stationary frame current controllers, and based on it a generalized and optimized tuning approach is developed. The experience-based specifications of the tuning inputs are not necessary through the tuning approach. Simulation and experimental results in different scenarios are shown to evaluate the proposal.
Dynamics estimation and generalized tuning of stationary frame current controller for grid-tied power converters
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Introduction
Due to the increasing global energy demand and the need for alternative and sustainable forms of energy, the power generation plants based on renewables have been increasingly integrated into electrical grid. The large penetration of renewables is seen to be promoted by the fast development of grid-tied power converters.
Since the performance of grid-tied converters will considerably influence the grid power quality and determine whether the generation unit meets the grid connection requirements, the control of grid-tied converters have been drawing a lot of interests. Considering that a current regulating loop is largely employed in various kinds of control strategies for grid-tied converters, [1] [2] [3] the performance of the current controller is critical. The current regulating loop is mostly built in synchronous frame or stationary frame, respectively with proportional integral (PI) or proportional resonant (PR) controllers as the compensator in the loop. [4] [5] [6] [7] [8] [9] It is worth mentioning that PR controllers have shown several advantages compared with PI controllers in cases of the reference frame transformation with reduced computational burden in digital implementation, [10] the simplicity in positive/negative sequence and harmonics control, [11] the simplicity in stability analysis, [12] and zero steady-state-error in single-phase systems. Moreover, the grid synchronization algorithm applied in stationary frame control paradigm is dependent on grid frequency, which is more stiff than the grid voltage phase. [13] Tuning of controller gains is crucial for the system to have good dynamics and stability. The influence of the controller gains on the system characteristics have been well analyzed as seen in [11, 12, 14] . The root locus based tuning method is an option to determine the controller gains by fixing the closed-loop poles as seen in [14] [15] [16] . However, the criteria to determine the optimal placement or quantified boundaries of the poles are less reported. A method to calculate the controller gains based on phase margin and crossover frequency is reported in [17, 18] , while the selection of the phase margin and crossover frequency for the optimized solution needs further analysis and justifications.
In high power applications, the control bandwidth of the converter can be significantly reduced due to the reduced switching frequency. [19] As a result, an optimized tuning becomes more favored. Moreover, the effect of the grid connection filter is not negligible in the design of controller. However, it can lead to a considerable complex system. [20, 21] Even if simplified modeling of the filter is found in existing control tuning techniques, [6, 22, 23] the boundaries of the approximation needs to be justified, hence cannot serve as a generalized method. This paper covers two issues in current control design of gird-tied converters, respectively the estimation of system transient response and the optimal placement of the closed-loop poles. Oriented to the first issue, an algorithm for estimating the dynamics of a stationary frame current control loop is proposed. And for the second issue, a generalized tuning approach is developed based on a modified PR control structure and the proposed algorithm. The proposed algorithm and generalized tuning approach is justified by simulation and experimental results in different scenarios.
The rest of the paper is organized as follows: Firstly, the overall control architecture of the system under study is introduced, followed by the review of discrete-time domain pole placement. Then the dynamics estimation algorithm is proposed, based on which a generalized controller tuning approach is developed, and a tuning case is illustrated. Simulation and experimental results are presented to validate the proposed dynamics estimating algorithm and generalized tuning method, followed by the conclusion of the paper.
Stationary frame current control of grid-tied power converters Figure 1 shows a generic 3-phase 2-level grid-tied converter interfacing the ac grid and dc link.
The grid filter employed in the study cases is a LCLtrap filter tuned to mitigate the harmonic components appearing at the switching frequency and its multiples. [20, 21] The transfer function of the filter is shown in (1), without considering the influence of the grid voltage v g .
(1)
The control part of the system is characterized by a stationary frame current regulating loop and a stationary frame Phase-locked Loop (PLL). [24] The current reference is generated according to the instantaneous active reactive controller (IARC), [25] and only positive sequence component of grid voltage are used to generate current reference. [26] Direct discrete-time domain pole placement
The current control loop is modeled and shown in Figure 2 , in which the current flowing through the grid side inductor is controlled. Considering that the actual system is controlled digitally, in this paper the system is modeled and tuned in discrete-time domain as a more general approach. Because that the continuous-time domain tuning tends to be less effective when the sampling rate is reduced. [19] The discrete transfer function of the filter can be obtained from (1) through a zero order hold method. It is worth mentioning that the z-transformation inherently introduces a delay that is corresponding to the PWM computational delay, [18] so the PWM delay needs not to be included again.
The structure of PR controller used in this paper is based on a second order generalized integrator (SOGI), [27] as shown in Figure 2 . Its transfer function in discrete-time domain, expressed by (2), can be derived from the structure of the controller using a backward Euler integrator in the direct branch and a forward Euler integrator in the feedback branch, as proposed in [28] . where ω g is the grid angular frequency, T s the sampling period and K p , K r the proportional and resonant gains, respectively.
The resulting closed-loop system when an LCL-trap filter introduced in the former section is used gives rise to a high order transfer function. Hence the relation between the dynamics of the system and the location of the closed-loop poles cannot be directly derived. However, the closed-loop poles near the zeros of the PR controller can act dominantly by properly tuning the controller. Then the placement of the dominant poles can be used to tune the controller.
The poles can be originally defined in the continuous time domain and then transformed to the discrete domain through the transform z = e T s ⋅S . For a complex number p to be a pole of the closed-loop system it is necessary that:
where G(z) is the transfer function of the plant and C(z) is the transfer function of the controller. Therefore, one set of controller gains will be obtained once two dominant closed-loop poles are placed.
Dynamics estimation algorithm for stationary frame control paradigm
As mentioned previously, the dynamics of high order system is not directly related to the controller gains. Then it is necessary to check the dynamics of the closed-loop system of Figure 2 when the gains of the controllers are determined. In some tuning methods like, [18] the optimized dynamics are defined by specifying the crossover frequency to the mathematical maximum value under a fixed phase margin. This measure will be effective in common cases, but when the controller is required to track harmonics, the additional resonant poles can render the actual phase margin lower than the designation, thus undermines the stability. [23] As a step towards the generalized tuning of the stationary frame current controller, a dynamics estimation algorithm is proposed.
In synchronous frame, the reference signal of the current controller is constant in steady state. Hence, during the procedure of tuning, the dynamics of the controller can be simply estimated by imposing a step input to the controller and check the closed-loop output response. While in stationary frame, the reference signal is normally sinusoidal, so the closed-loop step response cannot perform as a good emulation. In this regard, the signals shown in (4) are proposed as the input signals for stationary frame control loop to estimate the dynamics.
where u(t) is a unitary step.
Instead of a step change in i * or i *
, two sinusoidal signals in quadrature with a step change in amplitude shown in (4) are respectively given to the closed-loop system, representing the α and β components of the current reference. And it is similar to the realistic case where the current reference is normally sinusoidal with variations in amplitude.
And two responses of the closed-loop i * and i * can be obtained respectively. Since each response is still sinusoidal with difficulties in calculating settling time and overshoot, the norm of the current shown in (5) is used to get quantified estimation of the dynamics.
To execute this algorithm, the controller gains have to be determined first. Once the controller transfer function is calculated, it is easy to obtain the closed-loop transfer function of the complete system.
The response of the system to an arbitrary input is equal to the convolution of this input with the impulse response. If the impulse response of the closed-loop system is called y(t), the response to the inputs defined in (4) can be written as, Impulse response and convolution operation can easily be obtained through a typical computing language application. It should be noted that the value of I(t) is independent to the initial phase of the current references, so the settling time and overshoot of the amplitude are independent to the grid angle when the step takes place.
To simplify the calculation of the overshoot and the settling time, this signal can be normalized to obtain the per unit error signal, (4) yields a scalar equation, whereas a pair of complex poles generates one complex equation, which can be transformed to two scalar equations by separating the real and imaginary parts. Calling p r the real pole and p c one of the complex poles, the equations define the following linear system in K p , K r and K q ,
In the generalized tuning procedure, two complex poles expressed as − n ± j √ 1 − 2 n and a real pole expressed as −cξω n need to be properly placed, and the tuning consists on sweeping a range of values for ω n , ξ and c.
For each set of these three values, the first step is to calculate the corresponding controller gains through (9) . The open-loop and the closed-loop transfer functions will be obtained once the controller gains are fixed. The open-loop transfer function can be used to calculate the gain margin and the phase margin. On the other hand, the closed-loop transfer function allows computing the settling time and the overshoot using the proposed algorithm. Besides, the closed-loop transfer function provides information on the poles and the zeros, thus the results obtained for each set of poles allow checking whether all the poles are inside the unit circle. These results can be compared with the control requirements to see if that particular set of poles can be considered an acceptable solution. If this is the case, this set of poles is marked as a candidate.
The search continues until all the values of ω n , ξ and c have been tested. Once it is finished, the candidate solutions are compared among each other to select the most suitable one taking into account the control requirements.
Analytical performance
This tuning procedure can also be applied to tune the original 2-gain PR controller, and only two poles need to be placed instead of 3. Therefore, in this paper the tuning procedure is applied to tune both the original and the generalized PR controller for a 10 kW converter with LCL-trap filter as shown in Figure 1 .
To start the algorithm, a wide range of search can be defined, with high discretization step. For instance, solutions can be searched in the range n ∈ {100, 150, 200, … , 1500} rad/s, ∈ {0.05, 0.10, 0.15, … , 0.95} and c ∊ {1, 2, 3, …500}. Then it is possible to identify a smaller range where more optimized solutions can be found. This new range can be used in a new search. In this way, successive refined searches can be carried out until the precision and the
With this function, the overshoot is max 
Generalized tuning approach
The objective of the tuning is to determine the controller gains that can bring about stable and fast current regulation. Based on the discrete-time domain pole placement and the dynamics estimation algorithms proposed in the former section, a generalized tuning approach for stationary frame current regulators is illustrated.
It is proposed in [16] that the PR controller can be any form as long as the controller poles are placed at the concerned frequency for steady state performance and a proportional gain is added for transient response.
Then an additional degree of freedom can be given in placing the zeros of the controller, hence three dominant poles can be placed independently to find an optimized solution in a larger range.
Based on this concept, a third degree of freedom is introduced in the generalized tuning approach by an additional controller gain. A simple solution for adding the third gain is to take advantage of the SOGI that is already used to obtain the resonant term, and additionally use the quadrature signal as well. Figure 3 shows the proposed generalized structure of the PR controller, emphasizing the additional branch. And the tuning will be executed based on this controller form.
The expression (8) shows the corresponding controller transfer function in discrete-time domain, where K q is the additional gain which processes the quadrature signal of the SOGI.
As an example, this paper will define the dominant poles to be two complex poles and one real pole, since the zeros of the PR transfer function are frequently two complex numbers instead of two real numbers. A real pole Then the design requirements summarized in Table 1 are used to filter the candidate solutions.
After performing the search, it is possible to determine one solution -among all those considered acceptable -that best fulfils the control objectives. In this case, taking into account that stability is guaranteed by the required gain and phase margins and that the overshoot is limited to avoid damaging or having to oversize the converter, the main objective of the design is set to reduce the settling time. Therefore, the solution with minimum settling time is chosen from the set of all valid solutions. Additionally, in order to break possible ties, a small weighting coefficient has been considered for the overshoot in such a way that, if two solutions result in equal settling times, the solution with lower overshoot is preferred.
In Table 2 , the controller parameters and the performance results are shown for the objective of minimizing the settling time for both controllers. The generalized controller provides an improved solution when compared to the original one.
Simulation results
The performance of the proposed dynamics estimation algorithm and the generalized tuning method is firstly validated in simulation tests in 10 and 100 kW systems respectively.
Step changes in power reference are given, and the waveforms and data of current, voltage and some intermediate variables are recorded and evaluated. A comparison between the generalized tuning and the tuning based on original PR controller is also given.
The simulated plant is built in Simulink environment as shown in Figure 5 . The model consists of a 2-level 3-phase converter connected to the grid through the designed filter. The converter is controlled as shown in Figure 1 , and it is discretized and coded in the embedded Matlab function block in the simulation. The gains of the controller are adopted according to Table 2. performance of the solution are adequate. Each time of search can be programmed and run automatically aided by a typical computing language application, since (9) can be easily expressed and calculated in the application as well as the evaluation of stability and transient response.
The relationship between the overshoot of the current amplitude shown in (5) and the parameter ω n for solutions with n ∈ {150, 175, 200, … , 1150} rad/s, ξ ∊ {0.30, 0.35, 0.40, …, 0.80} and c ∊ {1, 11, 21, …, 201} is shown in Figure 4 (a). It is remarkable the ability of the generalized controller to create solutions in a wider range, especially for low ω n , and to reduce the overshoot of the response. In fact, it makes possible a considerable amount of solutions with overshoot below 10%, hence lead to a more damped system. Similarly, Figure 4 (b) shows the relationship between the settling time and the damping coefficient of the same set of solutions. From this figure, it can be concluded that the generalized controller is able to create faster dynamics compared with the original controller for any value of ξ. controller are compared in Figure 6 (d). The resulting settling time of both types of controller has no significant difference, while the resulting overshoot of the generalized controller is smaller, which is coherent with the estimation of the proposed algorithm. And the generalized controller leads to a more smooth active power transfer during transient.
Experimental results
Experimental tests are conducted on 10 and 100 kW converters respectively in order to further validate the proposed tuning method. The layout of the experimental plant and the control scheme is the same as shown in Figure 1 . The setups of the 10 kW system are shown in Figure 7 (a), and the key parameters of the 10 kW setups are shown in Table 3 . The dc bus of the converter is supplied by a 20 kW dc power supply, and the ac grid is formed by a regenerative power source of which the voltage magnitude and frequency can be programmed. dSPACE 1103 acts as the signal acquiring and control application. The experimental setups of the 100 kW system are shown in Figure 7 (b) with the key parameters shown in Table 4 . The control of the 100 kW converter is executed by DSP TMS320F28335. The experimental performance of the 10 kW converter controlled by the generalized controller are shown in Figure 8 , the controller gains are fixed according to Table 2 .
In the first case, a step change in active and reactive power reference is given to test the dynamic performance as done in the simulation. Figure 8(a) shows the grid voltage and injected current, where the current is fast regulated with a minor transient and good steady state performance as in the simulation. Figure 8(b) shows the instantaneous active and reactive power injected into the grid.
To validate the performance of the current controller under grid contingency, voltage sag test is done in the second case. As shown in Figure 8(c) , the grid voltage is given a sag lasting 1 s, and the phase-to-neutral In the simulation test, the reference in active and reactive power changes in a step, and the injected current, power and controlled error are shown. In order to validate the proposed algorithm of estimating dynamics, the amplitude of the 3-phase simulated current is calculated.
A power reference of 4 kW and 3 kVar is given initially, and it jumps to 8 kW and 6 kVar at 0.02 s. In the first case, the original PR controller is implemented, and Figure 6 (a) shows the waveforms of 3-phase current injected to the grid with the current amplitude calculated from the 3-phase current. The current amplitude signal is calculated according to (5) based on the simulated data. As a contrast, in the second case the generalized controller is implemented. The same input is given to the active and reactive power reference, and the responses are shown in Figure 6 (b).
Comparing Figure 6 (a) and (b), it is seen that the generalized controller lead to a more damped response without prolonging the settling time. In order to clearly show the difference, the current amplitude responses of both controllers are compared in Figure 6 (c), and the instantaneous active power response of both types of voltage RMS is reduced from 230 to 150 V. During the sag, the converter maintains connected to the grid, and the injected current is seen stable without significant oscillations except for a minor transient. As shown in Figure 8 (d), the active and reactive power are accurately controlled. It has to be mentioned that additional control techniques in external loops can be adopted to reinforce the performance of the converter under grid contingencies. In order to compare the generalized control structure with the original form, the experimental tests of the converter controlled by the original PR controller are conducted as well. And a comparison in the responses of current amplitude under both types of The paper can be a reference in tuning of stationary frame current controllers for grid-tied power converters considering the below aspects. The reduced control bandwidth and increased filter complexity in high power applications requires a more optimized tuning with respect to dynamics. The generalized tuning approach developed in the paper can be applied in different scenarios.
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Notes on contributors
As shown in Figure 10 , the proposed dynamics estimating algorithm can act as an indicator of the system dynamics due to the similar behavior compared to the simulation and experimental results.
In another case, experimental validation is conducted on a 100 kW converter, and the controller gains are found through the generalized tuning approach and shown in Table 4 . The experimental results are shown in Figure 11 . Figure 11 (a) shows the grid voltage and injected current in one phase when the active power reference increases in a step from 35 to 50 kW, and Figure 11 
Conclusion
This paper proposes an algorithm for estimating the dynamic response of the stationary frame current regulator and a generalized tuning approach to optimize the placement of the poles. Based on the proposed algorithm, a new clue for finding the optimized solution is given, and the experience-based specification of phase margin or crossover frequency is not needed. The simulation and experimental results show the effectiveness of the proposed algorithm and generalized tuning method. 
